Abstract: We report photon bunching g (2) (0) ≈ 49 due to phonon sidebands in spectrally filtered cathodoluminescence from NV centers in diamond. The result is consistent with fast, phonon-mediated recombination dynamics, and supported by a stochastic model. Introduction and background: The efficiency of n th order optical nonlinearities scale relative to the n th degree of coherence at zero delay, g (n) (0), of the optical field [1] . Nanoscale superthermal light sources (i.e. g (2) (0) > 2) thus offer a route to high efficiency nonlinear nanophotonics. The neutral nitrogen vacancy (NV 0 ) centers in nanodiamonds (NDs) have exhibited superthermal cathodoluminesence (CL) when excited by a high energy electron beam in a scanning transmission electron microscope (STEM) [2] .
Introduction and background:
The efficiency of n th order optical nonlinearities scale relative to the n th degree of coherence at zero delay, g (n) (0), of the optical field [1] . Nanoscale superthermal light sources (i.e. g (2) (0) > 2) thus offer a route to high efficiency nonlinear nanophotonics. The neutral nitrogen vacancy (NV 0 ) centers in nanodiamonds (NDs) have exhibited superthermal cathodoluminesence (CL) when excited by a high energy electron beam in a scanning transmission electron microscope (STEM) [2] .
We report photon bunching a factor of ∼ 40 times greater than previously reported in nanodiamond CL, and experimentally verify that the bunching emerges not from the NV 0 zero-phonon line (where we record g (2) (τ) ≈ 1) but from the phonon sideband [3] . We have developed a Monte Carlo model which implicates the fast recombination dynamics in the phonon sideband as a proposed cause of the photon bunching.
Methods: Nanodiamonds with 120 nm diameter containing ∼ 1200 NV 0 centers per particle were deposited on a single crystal silver nanoplate, providing a factor of ten increase in CL intensity relative to isolated NDs. The STEM was operated at a potential of 60 keV under room temperature conditions with electron beam currents in the range 0.2 nA-2.1 nA. An aluminum parabolic mirror with a 2 steradian solid angle incorporated into the STEM design was used to collimate the emitted photons for subsequent far-field interferometric or spectral characterization.
The second-order coherence function g (2) (τ) of the CL was characterized by Hanbury Brown-Twiss interferometry. Detected photon pairs were subsequently used to generate g (2) (τ) statistics. Corresponding power spectra were collected concurrently with the interferometric studies to confirm the detection of the NV 0 spectrum.
Results: Bayesian fits of a four parameter model to the coincident photon counts normalized to the mean counts at τ 0 are plotted (solid lines) in Fig. 1 C(τ i ) = Bg (2) (τ i ) and (1)
where g (2) (τ i ) is the second order coherence function, B is a constant of proportionality, τ o is zero offest delay, A + 1 is the effective bunching amplitude, γ = 1/τ eff is the effective decay rate, and τ eff is the composite time constant for the NV 0 and the phonon modes. The parameter vector to be estimated is θ = {B, A, γ, τ o }.
Using filtered Hanbury Brown-Twiss (HBT) interferometry, we verified that the emergence of colossal bunching here at electron beam currents where bunching was previously not observed is correlated with the intensity of the phonon sideband CL. Bandpass filters with a 575nm center (BP575) and a 610nm (LP610) cut-on wavelengths were used to determine the contributions of the zero-phonon line and the phonon sideband to the bunching, respectively (Fig. 1) . For all currents, no observable bunching was seen at the zero-phonon line. In contrast, greater bunching was seen for the BP610 long-pass filtered CL than was seen at corresponding currents (1-2 nA) in the unfiltered interferometry. The maximum g (2) (0) experimentally observed was at a current of 0.6 nA in unfiltered experiments where g (2) (0) = 49.0 (0.9); due to SNR constraints filtered experiments below 1 nA were infeasible. The mean and standard deviation of τ eff across all experiments was 21.1 (0.9) ns. In all spectra the dominant mode of emission was the phonon sideband.
Although there is currently no conclusive research differentiating the lifetime of the NV 0 zero phonon line from that of the broadband phonon mediated transition, it is understood that increasing the number of non-radiative modes reduces the excited state lifetime [4] . Hence within our Monte Carlo model we include the luminescence from zeroth and higher order phonon modes of the emitter. Spectral filtering in our model therefore corresponds to a renormalization of the intrinsic populations for each of the emitter modes. Our stochastic model which simulates the phonon-mediated bunching was validated by comparing the synthetic phonon sideband coincident photon data of our Monte Carlo simulations with the corresponding Bayesian regression photon bunching fits described earlier (Fig. 1) . Fig. 1 . Comparison of Bayesian median fits (lines) to experimental data and the synthetic Monte Carlo data (dots) for the spectrally (BP575, LP610) filtered g (2) (τ) for varying currents.
We will expand upon this work by using well understood nanofabrication methods to fabricate composite quantum systems of NV centers coupled to surface plasmon polaritons (SPPs). The semi-classical dynamics of these systems will be estimated by finite difference time domain simulations to inform a Jaynes-Cummings model [5] . The photon statistics of a multi-quantum emitter system coupled to SPPs will be characterized via HBT interferometry of the CL and photoluminescence of said systems. 
